Dopaminergic neurons of the substantia nigra pars compacta are defective in Parkinson's disease, but the specificity of this dysfunction is not understood. One hypothesis is that mitochondrial bioenergetic capacity is intrinsically lower in striatal dopaminergic presynaptic nerve varicosities, making them unusually susceptible to inhibition of electron transport by oxidative damage. To test this hypothesis, we separated isolated synaptosomes bearing dopamine transporters using immunomagnetic beads and compared their respiration with that of the residual nondopaminergic synaptosomes. As predicted, dopaminergic synaptosomes from striatum had lower respiratory rates. However, so did dopaminergic synaptosomes from cortex, indicating a lack of the predicted striatal specificity. We used fluorescent probes to analyze the bioenergetic competence of individual synaptosomes in the two fractions. The respiratory differences became nonsignificant when respiration rates were normalized to the number of respiration-competent synaptosomes, suggesting that differences reflected the quality of the different fractions. To circumvent damage induced by synaptosomal separation, we monitored membrane potentials in whole unseparated single synaptosomes using fluorescent imaging, and then identified the dopaminergic subpopulation using a fluorescent dopamine transporter substrate (ASP ϩ [4-(4-diethylaminostyryl)-N-methylpyridinium iodide]). The capacity of dopaminergic and nondopaminergic synaptosomes to maintain plasma membrane and mitochondrial membrane potential under several stresses did not differ. In addition, this capacity did not decline in either subpopulation with age, a risk factor for Parkinson's disease. We conclude that the intrinsic bioenergetic capacities of dopaminergic and nondopaminergic presynaptic synaptosomes from mice do not differ.
Introduction
Neuronal subtypes are differentially vulnerable to stress (Calabresi et al., 2000) . One example is the preferential loss of dopaminergic neurons of the substantia nigra pars compacta in Parkinson's disease. Mitochondrial dysfunction is characteristic of the disease; complex I of the respiratory chain is less active in tissues from patients (Mizuno et al., 1989; Schapira et al., 1989; Shoffner et al., 1991) and in experimental models (Betarbet et al., 2000; Kumar et al., 2003; Chinta et al., 2007; Richardson et al., 2007) . However, the selective vulnerability of dopaminergic neurons is not understood. They may be selectively exposed to oxidative stress, perhaps caused by reactive oxygen species generation during dopamine synthesis in the context of generally low oxidative defenses in neurons. This could lower complex I activity and cause chronic bioenergetic vulnerability. Indirect evidence supports this model, such as lower complex I activity and less tolerance to complex I inhibition in dopaminergic neurons (Dawson and Dawson, 2003) , and oxidative damage to cellular systems with ex vivo administration of dopamine (Rabinovic et al., 2000; Cantuti-Castelvetri et al., 2003; Miyazaki and Asanuma, 2008; Bisaglia et al., 2010) . Dopamine also directly influences mitochondrial function; there are age-related alterations in mitochondrial morphology (Bertoni-Freddari et al., 1993 , 2006 , electron transport chain enzyme activity (Bowling et al., 1993; Ferrándiz et al., 1994; Guerrieri et al., 1996; Kilbride et al., 2008) , and damage related to increased reactive oxygen species (Antier et al., 2004; Kilbride et al., 2008) .
Aging is a major risk factor for Parkinson's disease. The nigrostriatum is particularly vulnerable to aging, but the relationships between aging, Parkinson's, and mitochondrial dysfunction remain unclear. One scenario is that bioenergetic capacity is limited in dopaminergic nerve terminals and synaptic varicosities, and decreases further with age until it fails to service peak energy demand, leading to bioenergetic collapse and death. Thus, bioenergetic dysfunction in dopaminergic neurons could play an early and critical role in Parkinson's (Bertoni-Freddari et al., 2006) . Synaptic terminals and varicosities are particularly relevant to neurodegenerative diseases associated with mitochondrial dysfunction, such as Parkinson's disease, since pathogenesis often starts at presynaptic regions (Betarbet et al., 2000) . Because of high energy demand, presynaptic terminals are particularly sensitive to bioenergetic defects (Davey et al., 1997) . Synaptosomes prepared from brain by homogenization and centrifugation are widely used to study mitochondrial bioenergetics and neurotransmitter synthesis and release. However, although the preparation avoids the requirement for neonatal tissue and in vitro culture that is inherent in primary cell culture, contamination with nonfunctional and non-presynaptic material and neurotransmitter heterogeneity have always been serious limitations of synaptosomal studies.
Here, we test whether dopaminergic synaptosomes have particularly low bioenergetic capacity that decreases with age and makes them selectively vulnerable to stress, using immunomagnetic separation of dopaminergic synaptosomes, respirometry, and single-synaptosome fluorescence microscopy. We introduce a fluorescent technique to identify individual dopaminergic synaptosomes in mixed fields of unpurified synaptosomes. We find no significant differences in bioenergetic capacity, or response to physiological challenges and aging, between dopaminergic and nondopaminergic synaptosomes.
Materials and Methods
Reagents. Tetramethylrhodamine methyl ester (TMRM), MitoTrackers, calcein-AM, and fura-4F AM were from Invitrogen. 4-(4-Diethylaminostyryl)-N-methylpyridinium iodide (ASP ϩ ) and all other reagents were from Sigma-Aldrich, unless otherwise stated.
Animals. Young adult BL/6 mice of both genders, between 3 and 5 months of age, were used for experiments except where stated otherwise.
Synaptosomes. Nonfractionated synaptosomes used for single synaptosome imaging were prepared by Percoll gradient purification (Dunkley et al., 2008) . Dopaminergic synaptosomes were prepared as previously described (Chinta et al., 2007) with slight modifications. Briefly, the cortex from one mouse or striata from four mice were homogenized in 2 ml of icecold solution A (320 mM sucrose, 1 mM K-EDTA, and 0.25 mM dithiothreitol, pH 7.4), and the homogenate was centrifuged at 1000 ϫ g for 10 min at 4°C to remove debris. The supernatant was incubated with antibody against the dopamine transporter (Alpha Diagnostic International; 25 g/sample) for 1 h at 4°C. Then the mixture was centrifuged at 10,000 ϫ g for 2 min, and the supernatant was removed. The pellet was resuspended in 1 ml of solution A and recentrifuged. This resuspension and centrifugation step was repeated three times. The homogenized pellet was incubated with 150 l of secondary IgG magnetic beads (Miltenyi) for 45 min at 4°C, and then poured into a magnetic column (MACS LS; Miltenyi) for separation of dopamine transporter-and magnetic bead-labeled dopaminergic synaptosomes (bound to column, DA) and the nondopaminergic fraction (flow through, FT).
Assay plates were coated before use with 0.0033% (v/v) polyethyleneimine solution (100 l/well) overnight at room temperature, followed by Geltrex suspension (Invitrogen) diluted 1:100 with solution A (100 l/ well) for 1 h at 37°C. Synaptosomes were attached by centrifugation to coated Seahorse V7 flux plates for respirometry at 20 g protein/well and to coverglass-bottomed 96-well microplates (Whatman) at 0.25 g of protein/well for microscopy ). This was followed by dye loading for microscopic assays. Protein concentrations were determined by the Bradford assay (Bio-Rad).
Respirometry. The oxygen consumption rate of mitochondria within synaptosomes was determined in units of picomoles of O 2 ⅐ minute Ϫ1 ⅐ 10 g of protein Ϫ1 using a microplate-based respirometer (XF24; Seahorse Bioscience) as previously described ). The assay buffer (S buffer) comprised 3.5 mM KCl, 120 mM NaCl, 1.3 mM CaCl 2 , 0.4 mM KH 2 PO 4 , 1.2 mM Na 2 SO 4 , 15 mM D-glucose, 10 mM pyruvate, 0.4% (w/v) fatty acid-free bovine serum albumin, and 10 mM TES (N-[tris(hydroxymethyl)methyl]-2-aminoethanesulfonic acid), pH 7.4. Nonmitochondrial respiration was defined as the average of three measurements after addition of 2 M rotenone plus 2 M myxothiazol (respiratory chain inhibitors), and this value for each well was subtracted from all other values for that well before calculation of the following respiration parameters: basal respiration (average value of the first three time points before any treatment); maximum respiration [first measurement value after addition of 4 M carbonylcyanide p-trifluoromethoxyphenylhydrazone (FCCP), an uncoupler of oxidative phosphorylation]; respiration driving proton leak (average value of three time points after addition of 4 g/ml oligomycin, an inhibitor of ATP synthase); respiration driving ATP synthesis (basal respiration minus respiration driving proton leak); coupling efficiency (100 ϫ respiration driving ATP synthesis/basal respiration); and spare respiratory capacity (100 ϫ maximum respiration/basal respiration). The calculated values for each well were averaged for 3-10 technical replicate wells on one plate to give n ϭ 1 biological replicate.
Mitochondrial volume fraction in synaptosomes. The mitochondrial volume fraction was defined by confocal microscopic stereology as the volume density of mitochondria within synaptosomes and calculated as the total number of pixels corresponding to mitochondria (marked by MitoTracker Red) divided by the total number of pixels corresponding to the total synaptosomal volume (marked by calcein). Synaptosomes and their mitochondria lined up in the confocal optical plane. Because of the lack of random sectioning, the volume density was calculated as the 3/2nd power of the ratio of projected surfaces. This approach allowed counting of only mitochondrion-containing objects as synaptosomes. Synaptosomes were loaded with 2 M calcein-AM and 25 nM MitoTracker Red CMXRos for 45 min at 37°C and imaged in a Zeiss LSM 510 laser-scanning confocal microscope using a Plan-Apochromat 100ϫ/1.4 oil lens. Single planes of 1024 ϫ 1024 pixels were recorded at 44 nm pixel size at 1 Airy unit pinhole at high quality. Calcein and MitoTracker Red were simultaneously excited at 488 nm (30 mW Ar-ion laser at 10% power) and at 543 nm (1.2 mW HeNe laser at 100%) and emissions were detected at 500 -530 nm and above 560 nm, respectively. These settings caused significant photodamage; therefore, each view field was scanned only once, and no z-sectioning was used. Each biological replicate was calculated from three view fields.
Recorded images were automatically analyzed in Image Analyst MKII (Image Analyst Software) using the VisualMacro feature. The diameter of fluorescent objects at their half-maximal intensity marks their real physical diameter despite the optical blurring . To binarize images by marking fluorescence objects at their half-maximal intensity above the local background, images were first high-pass filtered (Gerencser and Adam-Vizi, 2001 ) using a low-order (1.5) Butterworth filter at cuton ϭ 0.67 m/cycle . As a result of this, the half-maxima of object intensities shifted to zero value. This was followed by smoothing using Wiener filtering, and rescaling to cutoff background and to provide an analysis independent of the brightness of the staining. Images were then segmented based on local maximum detection, watershed, and flood fill algorithms. Finally, only those calceinstained objects that overlapped with mitochondria were kept. For comparison of synaptosomal fractions, the same algorithm was used in an unbiased manner as no thresholds or parameters were manually set.
Quantification of respiration-competent synaptosomes. Synaptosomes were incubated with 50 nM MitoTracker Green (accumulated by membrane potential then covalently attached), 5 nM TMRM (reversibly accumulated by membrane potential), 1 M tetraphenylboron (TPB Ϫ ) (aids TMRM uptake), and 2 M fura-4F AM ([Ca 2ϩ ] indicator) for 45 min at 37°C and imaged with a Nikon Eclipse Ti-PFS inverted epifluorescence microscope. To acquire 512 ϫ 512 pixels images with a Cascade 512B camera (Photometrics) at 0.267 m/pixel resolution using a S-Fluor 40ϫ/1.4 oil lens, 1.5ϫ optical zoom, a Lambda LB-LS17 Xe-arc light source (with partially attenuated intensity), 10 -3 excitation and emission filter wheels (Sutter Instruments), and an MS-2000 linear encoded motorized stage (ASI) were used. The filter sets, given as excitationdichroic mirror-emission in nanometers/bandwidth, were as follows: for TMRM (at 50 ms exposure time): 543/22-562-617/73, for MitoTracker Green (300 ms) 472/30 -495-520/35, and for fura-4F 340/26 (500 ms) and 387/11 (250 ms)-409 -510/84 (all from Semrock). One central view field in each well was focused with the infrared laser-guided autofocusing system of the Nikon Eclipse Ti-PFS microscope, and typically 12 wells were imaged in a single experiment.
Recorded images were analyzed in Image Analyst MKII. First, all channels were subpixel aligned to MitoTracker Green fluorescence. Then the uneven background resulting from the wide-field configuration was removed by high-pass filtering at cuton ϭ 0.037 m/cycle . Images were prepared for segmentation by Wiener filtering and rescaling, and the sum of the rescaled images was segmented as above. The segments were then used to evaluate their overlap with positive pixels in the binarized TMRM, MitoTracker Green, and fura-4F 340 ϩ 387 nm images. Objects were declared positive for a stain when at least 25% of the pixels overlapped with TMRM or MitoTracker Green or 50% of the fura-4F 340 ϩ 387 nm images. Low [Ca 2ϩ ] objects were defined by the mean fura-4F 387/340 reciprocal Ca 2ϩ ratio (where high values denote low [Ca 2ϩ ]) being above 1.5, corresponding to ϳ3 M [Ca 2ϩ ]. To normalize respiration rates to 10 6 respiration-competent synaptosomes, rates were multiplied by 10 6 ϫ (0.25 g/10 g) ϫ (0.267 ϫ 512) 2 /( ϫ 3200 2 ) ϭ 14.5 and divided by the number of objects in a view field. In this formula, 0.25 and 10 g are the amounts of synaptosomes in the imaging and the Seahorse well, respectively; 0.267 is the resolution of imaging in micrometers/pixel, 512 is the image size in pixels, and 3200 is the radius of the imaging well in micrometers.
Wide-field imaging of ASP ϩ fluorescence intensity. Striatal synaptosomes were incubated with 25 nM MitoTracker Red CMXRos in S buffer for 30 min at 37°C and wide-field epifluorescence imaged as above. One time point was acquired before addition of ASP ϩ (2 M), and then five more images were taken at 90 s intervals by periodically visiting and autofocusing each well (ϳ20 wells per experiment). The filter for MitoTracker Red (at 100 ms exposure time) was 582/15-593-610LP (the latter filter was from Omega Optical) and for ASP ϩ (200 ms; unattenuated illumination) 472/30 -495-542/27 (all from Semrock). The increase in ASP ϩ fluorescence intensity in MitoTracker Red-positive structures was determined using Image Analyst MKII. Time series were backgroundsubtracted by high-pass filtering and aligned based on the MitoTracker Red image series to compensate for the incomplete registering of the x,y-motors during the time lapse. Then the MitoTracker Red time lapse was maximum intensity projected and binarized as detailed above. This binary mask was used to gate the fluorescence in the aligned ASP ϩ image, to read out fluorescence intensity over synaptosomes, defined as mitochondrion-containing objects in the image.
Colocalization of ASP ϩ fluorescence with immunofluorescence. Synaptosomes were incubated in the continuous presence 5 nM TMRM and 1 M TPB Ϫ at 37°C. After 40 min TMRM was wide-field epifluorescence imaged with attenuated light source as above. Then ASP ϩ (2 M) was added and the same view fields were time lapse imaged for 10 min (five frames). After ASP ϩ imaging, CellTracker Red CMTPX (5 M) was added to the synaptosomes, and after 5 min its fluorescence was acquired using the MitoTracker Red filter settings (see above; using 20 ms exposure time and unattenuated excitation). Then synaptosomes were fixed with 2% formaldehyde in Sorenson's phosphate buffer (0.4 mM NaH 2 PO 4 , 160 mM Na 2 HPO 4 , pH 7.3) for 15 min and permeabilized with 0.1% (v/v) Triton X-100 for 15 min at room temperature. Blocking was performed in 10% (v/v) donkey serum (Jackson ImmunoResearch). Primary antibody against tyrosine hydroxylase (TH) (1:2000; AB152; Millipore) was applied overnight at 4°C followed by secondary anti-rabbit antibody conjugated with Alexa Fluor 488 (1:500; Invitrogen) for 30 min at room temperature. The microplate was replaced on the microscope, and coordinates stored during TMRM imaging were revisited. For increased accuracy, relative coordinates were used compared with a marker (grid) glued in an empty well. Alexa Fluor 488 (using filters described for MitoTracker Green) and CellTracker Red immunofluorescence were recorded and aligned with the live ASP ϩ staining by matching CellTracker patterns. First, image backgrounds were subtracted by high-pass filtering and the live CellTracker images were aligned to the immunostaining by matching the live and the fixed CellTracker pattern. The TMRM and TMRM-ASP ϩ time lapses were aligned in time and maximum intensity projected. Then both projections were aligned to match the live CellTracker image. All image alignments critical to the method were performed in Image Analyst MKII in a robust and automated manner using the principles of detection of two-dimensional cross-correlation maxima of the images using Fourier transformation. This was insensitive to the alteration of CellTracker pattern during immunolabeling or to the slight dissimilarity of TMRM and CellTracker patterns. For increased accuracy, 6ϫ oversampled images were used for calculation of the alignment. The ASP ϩ and TH images were binarized as detailed above using SavitzkyGolay smoothing (Gerencser and Nicholls, 2008) before binarization. Finally, the functional TMRM image was segmented and the overlap of the segments with ASP ϩ or with TH was evaluated, scoring overlaps Ͼ25% as positive.
Wide-field imaging of membrane potential. Synaptosomes were isolated from the striata of young adult mice (5 months of age; mixed gender) or aged mice (28 months of age; mixed gender) and incubated in the presence of 5 nM TMRM and 1 M TPB Ϫ as above. Six time points were acquired at 5 min intervals, one view field per time point in each of the ϳ24 wells. Treatments were applied after acquisition of the first time point. At the end of the time lapse, samples were stained with ASP ϩ and processed for TH immunofluorescence (see above). The functional TMRM fluorescence images were gated to show only fluorescence of those objects that initially accumulated TMRM and were stained or not stained either by ASP ϩ or TH after the functional time lapse, using the technology detailed above. A mask was created by binarization of the temporal maximum intensity projection of the functional TMRM time lapse, and its intersection (i.e., objects with TMRM plus ASP ϩ or TH fluorescence) and complement (objects with TMRM lacking ASP ϩ or TH fluorescence) were calculated and used to monitor mean TMRM fluorescence of all dopaminergic and nondopaminergic objects, respectively, in the image. The change in TMRM fluorescence intensity reflects changes in both plasma membrane and mitochondrial membrane potentials, and was converted to millivolts relative to the baseline by the formula 26.7 mV ϫ ln(dF/F 0 ϩ 1), where dF is the change of TMRM fluorescence compared with its baseline (F 0 ) (Gerencser and Nicholls, 2008) . Membrane potential depolarization triggered by stressors was corrected for spontaneous drift measured in nontreated wells.
Statistics. Data are means Ϯ SE for n biological replicates, each comprising 2-10 technical replicates. Statistical significance between groups (dopaminergic synaptosomes vs nondopaminergic synaptosomes) was tested by two-tailed, paired Student's t test or ANOVA with Tukey's post hoc testing as appropriate.
Results
Dopaminergic synaptosomes of the striatum prepared by immunomagnetic bead separation respire more slowly than nondopaminergic synaptosomes Synaptosomes prepared by conventional homogenization and centrifugation are a mixed population, making it difficult to distinguish the biological response of synaptosomes derived from one type of neuron from the response of the rest. Recent magnetic bead technology enables the separation of relatively pure dopaminergic synaptosomes from the flow-through residue containing other components of the synaptosomal suspension, mainly nondopaminergic synaptosomes and mitochondrial debris (Chinta et al., 2007) . Figure 1 shows that, when we compared oxygen consumption for the same quantity of protein (10 g), striatal dopaminergic synaptosomes had generally lower respiration rates under all conditions than the flow-through nondopaminergic fraction. Basal respiration (before addition of reagents), respiration driving ATP synthesis (prevented by addition of oligomycin to inhibit ATP synthase), respiration driving proton leak (not prevented by oligomycin), maximum respiration (after addition of uncoupler), and nonmitochondrial respiration (after addition of rotenone and myxothiazol to fully inhibit the mitochondrial electron transport chain) were all lower in dopaminergic synaptosomes than in the flow-through nondopaminergic fraction (Table 1 ). The lower respiration in dopaminergic synaptosomes was general and proportional, so the coupling efficiency (percentage of basal respiration used for ATP synthesis) and spare respiratory capacity (uncoupled respiration expressed as percentage of basal respiration) were not significantly different be-tween the two fractions (Table 1) . These results appear to support the hypothesis that striatal dopaminergic synaptosomes have an intrinsically lower bioenergetic capacity than nondopaminergic synaptosomes from the same brain region.
Slower respiration in dopaminergic synaptosomes was not striatum specific When dopaminergic synaptosomes were prepared from the cortex, respiration of dopaminergic synaptosomes was again lower than that of the flow-through fraction (Table 1 ). The respiration properties of cortical synaptosomes were not significantly different from the equivalent parameters for striatal synaptosomes under any condition. This result weakens the hypothesis that it is dopaminergic nerve terminals and varicosities in striatum that have a uniquely low bioenergetic capacity.
Mitochondrial volume fraction in isolated dopaminergic and nondopaminergic synaptosomes is not different
Lower respiration could be caused by a lower mitochondrial content and lower ATP demand in dopaminergic synaptosomes. Electron microscopy is typically used to measure the fraction of cellular volume occupied by mitochondria (the mitochondrial volume fraction), but it is difficult if not impossible to distinguish intact, respiration-competent synaptosomes from the large amounts of debris present in synaptosomal preparations (see below) using electron microscopy. As an alternative, we devised a confocal microscopic measurement of the mitochondrial volume fraction in live specimens, using two commonly used fluorescent probes, MitoTracker Red and calcein-AM (Fig. 2 A-C) . In live samples, these probes accumulate specifically in mitochondria and in all cellular compartments, respectively. The confocal optical plane thickness (ϳ0.8 m) allowed visualization of most of the spun-down synaptosomes and their mitochondria in a single plane. As only synaptosomes with mitochondria contribute to the measured respiration, we defined objects containing both probes (Fig. 2 D) , or in other words, in situ mitochondria enclosed by intact plasma membrane plus cytoplasm, as "intact synaptosomes."
The mitochondrial volume fraction within these intact synaptosomes did not differ significantly between dopaminergic synaptosomes and the flow-through fraction (28 Ϯ 2% DA vs 25 Ϯ 3% FT in striatum; 26 Ϯ 2% DA vs 26 Ϯ 1% FT in cortex) (Fig. 2E) , ruling out the possibility that a smaller mitochondrial volume fraction caused lower respiration in dopaminergic synaptosomes. Our value of ϳ26% is slightly lower than published electron microscopy results from others (Joyce et al., 2003) . Interestingly, a significantly smaller fraction of calcein-accumulating objects contained mitochondria in the dopaminergic synaptosome preparation than in the flowthrough fraction (data not shown). This is analyzed by wide-field microscopy in detail below.
Dopaminergic synaptosomal fractions contain fewer respiration-competent synaptosomes per microgram of protein than nondopaminergic fractions
To refine the categorization of fluorescent objects shown in Figure 2 , the assay described above was multiplexed by membrane potential and intracellular [Ca 2ϩ ] ([Ca 2ϩ ] i ) assays. The colocalization of three fluorescent probes, MitoTracker Green (green), fura-4F AM (blue), and TMRM (red), was analyzed by epifluorescence microscopy ( Fig. 3A-C,F,G) . Using image segmentation, we defined the following categories (Fig. 3 E, D ,H, Table 2 ).
Type a: TMRM-positive
Only intact synaptosomes containing polarized mitochondria and plasma membrane accumulate sufficient TMRM to be detected, so TMRM-positive objects were most probably respiring and were safely classified as "respiration-competent synaptosomes."
Type b: TMRM-negative, high-calcium
The TMRM-negative but fura-4F-positive objects were separated into two subgroups, high-calcium and low-calcium objects, based on the fura-4F signal. We used a fura-4F excitation ratio value equivalent to 3 M [Ca 2ϩ ] i as the cutoff for "high-calcium"; this value is much higher than the physiological synaptosomal [Ca] i of 120 nM (Xiang et al., 1990) . Any mitochondria inside such high-calcium objects were assumed to be nonfunctional and nonrespiring.
Type c: TMRM-negative, low-calcium, MitoTracker-positive Low-calcium objects that do not accumulate TMRM might have high glycolytic activity but no respiration, or have partially functional respiring mitochondria. MitoTracker Green accumulates into polarized mitochondria and then binds covalently. Mitochondria that were in synaptosomes and were polarized at some stage would accumulate MitoTracker Green and (unlike TMRM) retain it even if subsequently uncoupled and depolarized. MitoTracker Green-positive, TMRM-negative low-calcium objects were assumed to contain mitochondria that might be uncoupled but should still respire because calcium has not risen too high, so were also classified as respiration-competent synaptosomes.
Type d: MitoTracker-positive only
In our assay condition with 1.3 mM CaCl 2 , few free MitoTrackerpositive mitochondria were normally detected. However, MitoTracker-positive-only objects below the normal detection level were abundant at higher illumination intensity (data not shown). The fluorescence intensity of these objects was only a fraction of the fluorescence observed in mitochondria residing in synaptosomes. The low MitoTracker fluorescence intensity and the lack of fura-4F in all of these objects suggest that these free mitochondria underwent permeability transition pore opening in the presence of millimolar Ca 2ϩ , and therefore were incompetent at respiration. Type e: low-calcium only Low-calcium objects with no TMRM or MitoTracker signal were assumed to be glycolytic and nonrespiring.
We defined respiration-competent synaptosomes as those fluorescent objects that accumulated TMRM (type a), plus those that did not accumulate TMRM but nonetheless accumulated MitoTracker Green while maintaining a relatively low cytosolic calcium concentration as reported by fura-4F (type c) (Fig. 3 I, J ) .
The total number of objects detected by at least one of the three probes per microgram of protein was smaller in dopaminergic synaptosomes from both striatum and cortex (data not shown), presumably because of greater amounts of nonfunctional protein. In addition, a smaller proportion of fluorescent objects was identified as respiration-competent synaptosomes in the dopaminergic fraction (Fig. 3I ) . Therefore, the dopaminergic fraction had significantly fewer respiration-competent synaptosomes per microgram of protein than the flow-through fraction, and this was true in both cortex and striatum (Fig. 3J ) .
Respiration rates recalculated per 10
6 respiration-competent synaptosomes were not different between dopaminergic and nondopaminergic fractions To assess whether the lower respiration of dopaminergic synaptosomes seen in Figure 1 and Table 1 could be explained by the smaller number of competent synaptosomes per microgram of protein, the oxygen consumption rates were normalized to the number of competent synaptosomes defined as above. After this normalization, there were no significant differences in respiration rate under any condition between dopaminergic synaptosomes and the flow-through fractions derived from either striatum or cortex (Table 3) . These results suggest that the differences in respiration rate between dopaminergic and nondopaminergic synaptosomes in Figure 1 and Table 1 were confounded by differences in the number of respiration-competent synaptosomes in different fractions.
Identifying dopaminergic synaptosomes in a mixed population
Immunomagnetic bead separation enabled the isolation of relatively pure dopaminergic synaptosomes, and therefore made possible a comparison of the respiration of dopaminergic and nondopaminergic synaptosomes. However, magnetic bead separation may cause differential damage to different synaptosomal fractions and allow different levels of contaminating nonfunctional protein. Therefore, to provide an alternative comparison of dopaminergic and nondopaminergic synaptosomes, we developed a method for identifying functional dopaminergic synaptosomes in mixed populations using a fluorescent marker. This enabled us to identify dopaminergic synaptosomes and then to compare their bioenergetic competence with nondopaminergic synaptosomes in the same field without physical separation. As a specific marker, we used ASP ϩ , a fluorescent substrate of the monoamine transporter (Mason et al., 2005) . The fluorescence intensity of ASP ϩ was determined over MitoTracker Red-labeled Means Ϯ SE [n ϭ 5 biological replicates for striatum and n ϭ 7 biological replicates for cortex, each the average of 3-10 technical replicates (wells)] of respiratory parameters. The value for the non-mitrochondrial respiration rate in each technical replicate was subtracted from all other values. DA, Separated dopaminergic synaptosomal fraction; FT, residual flow-through fraction. Significance was tested by comparing the dopaminergic synaptosome value to the flow-through value from the same brain area, using two-tailed, paired Student's t test. *p Ͻ 0.05, **p Ͻ 0.01. structures using wide-field microscopy (Fig. 4 A, G) . The background subtraction technique (Gerencser and Adam-Vizi, 2001 ) allowed the ASP ϩ associated with synaptosomes to be distinguished from the ASP ϩ fluorescence in the bulk medium. Synaptosomes accumulated ASP ϩ in a time-dependent manner ( Fig. 4B-F) . Accumulation was strongly inhibited by 50 nM 1-(2-(diphenylmethoxy)ethyl)-4-(3-phenylpropyl)piperazine (GBR12935) (Fig. 4H-L (Fig. 4M) . At these concentrations, GBR12935 and GBR12909 are selective inhibitors of the dopamine transporter while not inhibiting serotonin and norepinephrine transporters (Table 4) . In contrast, 100 nM imipramine, which inhibits serotonin and norepinephrine transport but not dopamine transport (Table 4) , had no effect on ASP ϩ uptake by synaptosomes (Fig. 4M) .
To confirm the specificity of ASP ϩ tagging of dopaminergic synaptosomes in mixed synaptosome populations from striatum, we first stained synaptosomes for functional mitochondria with TMRM (Fig. 4 N) , and then determined the colocalization of the ASP ϩ fluorescence signal ( Fig. 4S ) with a well established dopaminergic neuronal marker, tyrosine hydroxylase (TH) immunostaining (Fig. 4T ) . ASP ϩ is not fixable; therefore, ASP ϩ -exposed synaptosomes were stained with the fixable CellTracker Red (Fig.  4O ,P) and then processed for immunofluorescence staining. The microscope stage motorization and a robust subpixel precision image-registering algorithm allowed matching of images taken before and after histochemical processing by matching the CellTracker pattern (Fig. 4Q) .
The TMRM images taken before ASP ϩ addition were segmented (Fig. 4 R) , and the resultant objects were used to determine their overlaps with the probes (Fig. 4U ) . We found that 7 Ϯ 1 and 28 Ϯ 2% of nonfractionated, TMRM-labeled striatal synaptosomes were positive for ASP ϩ and TH, respectively (Fig. 4U, arrows) (n ϭ 3) . Overall, 88 Ϯ 4% of ASP ϩ objects colocalized with tyrosine hydroxylase, confirming the specificity of ASP ϩ for dopaminergic synaptosomes. How- ever, only 22 Ϯ 2% of tyrosine hydroxylase-positive objects were also ASP ϩ -positive. This population of TH-positive and ASP ϩ -negative synaptosomes is likely explained by the different distribution pattern of TH and dopamine transporters in dopaminergic axons in the striatum. Although TH is present throughout the axoplasm and in synaptic varicosities (Freund et al., 1984; Nirenberg et al., 1996) , the dopamine transporter is enriched in varicose segments of dopaminergic axons (Ni- ϩ fluorescenceintensitiesweremeasuredoverMitoTrackerRed-positivepixelsafterbaselinesubtraction.TheeffectsofGBR12935(50nM;circles),GBR12909(10nM;triangles),and imipramine (100 nM; squares) on ASP ϩ accumulation in synaptosomes were monitored. Data indicate means Ϯ SE (n ϭ 4, each the average of 3 technical replicates); **p Ͻ 0.01 compared with untreated control (diamonds) at the given time point. N-U, Colocalization of the vital probe ASP ϩ with immunofluorescence after fixation. N-P, The patterns of TMRM and CellTracker were used to align images taken beforeandafterfixation.Thecompositeimage(Q)indicatesagoodalignment.TheTMRMimage(N)wassegmented(R),andtheseobjects(markedbydifferentcolors)wereusedtodeterminethepresenceor absence of ASP ϩ (S) and TH (T) in the corresponding binarized images (U) where arrows indicate ASP ϩ colocalization with TH. S, T, Images were high-pass and Savitzky-Golay smooth filtered. Each respiration value in Table 1 was normalized by the number of bioenergetically competent synaptosomes per microgram of protein from the same experimental data set (Table 2 ) and expressed as pmol O 2 /min/1O 6 synaptosomes. DA, Separated dopaminergic synaptosomal fraction; FT, residual flow-through fraction. Data are means Ϯ SE (n ϭ 5 biological replicates for striatum and n ϭ 7 biological replicates for cortex, each the average of 3-10 technical replicates). Significance was tested by comparing the DA value with the FT value form the same tissue, no pairs had p Ͻ 0.05. renberg et al., 1996; Hersch et al., 1997) . Thus, these THpositive and ASP ϩ -negative objects may not be bona fide synaptosomes, but intervaricose segments of dopaminergic axons.
These results indicate that ASP ϩ association with synaptosomes occurs on the dopamine transporter and that the 7% of synaptosomes derived from presynaptic varicosities in dopaminergic neuronal axons in mixed synaptosomes prepared by classical Percoll extraction can be selectively distinguished with fluorescence microscopy and image processing. ASP ϩ labeling may be a better discriminator than TH labeling since it does not pick up objects derived from intervaricose segments of dopaminergic axons. However, if bioenergetics in the wider dopaminergic neuronal cell is of interest, postimmunofluorescence TH tagging can be used to classify this population in live fluorescence microscopy experiments as described here.
The bioenergetic responses of striatal dopaminergic and nondopaminergic synaptosomes from young and old mice to applied stresses To compare the bioenergetic competence of dopaminergic and nondopaminergic synaptosomes after various stresses, we recorded TMRM fluorescence, an index of changes in the sum of plasma membrane and mitochondrial membrane potentials (Nicholls, 2006) . Dopaminergic and nondopaminergic synaptosomes were distinguished using both ASP ϩ tagging (Fig. 5A-D ) and TH tagging (data not shown) at the end of each experiment. After recording baseline TMRM fluorescence, a set of treatments was applied (Table 5) , and the treatment-evoked membrane potential depolarization was calculated in millivolts. Synaptosomes were challenged bioenergetically by (1) ] to activate Na channels, inhibit Na export, and drive Na/Ca exchanges to raise cytoplasmic [Ca 2ϩ ]); (2) inhibition of electron transport (rotenone to inhibit complex I or 3-nitropropionic acid to inhibit complex II); (3) insult by reactive oxygen species (superoxide production by xanthine/xanthine oxidase, t-butyl hydroperoxide, or H 2 O 2 ), or a combination of these. The dose-response for each treatment was determined using unseparated cortical synaptosomes from young mice (data not shown). The minimum concentration that provided a significant depolarization when compared with no treatment was chosen for experiments, to prevent massive signal loss caused by synaptosomal death. All insults tested decreased the combined membrane potential. Figure 5E shows the TMRM fluorescence change with a representative treatment (veratridine). Table 5 shows that decreases in membrane potential under stress did not differ significantly between the dopaminergic and ASP ϩ -negative nondopaminergic synaptosomal subpopulations in the same microscope field.
The responses described above were measured in synaptosomes derived from both young and old mice to determine whether the dopaminergic synaptosomes acquired greater sensitivity to stress in aged brain. No differences were found in the relative amounts of dopaminergic synaptosomes (ASP ϩ -or THpositive) between young and old mice (data not shown). The changes in membrane potential under various stresses were not significantly different between young and old mice using either ASP ϩ tagging (Table 5) or TH tagging (data not shown).
Discussion
Our results show that dopaminergic synaptosomes separated using immunomagnetic beads respired more slowly per microgram of protein than those in the nondopaminergic flow-through fraction. However, detailed analysis revealed that this difference was attributable to fewer respiration-competent synaptosomes per microgram of protein in the separated dopaminergic fraction; respiration rates per 10 6 respiration-competent synaptosomes were the same in the two fractions. In agreement with this result, the bioenergetic responses to stress of ASP ϩ -tagged dopaminergic synaptosomes in unseparated populations did not differ from those of ASP ϩ -negative synaptosomes in the same microscope field.
We found that dopaminergic synaptosomes from aged mice maintained membrane potentials as effectively as those from young mice. Whether aging affects mitochondrial energy metabolism is still debated (Evans et al., 1998; Joyce et al., 2003; Nicholls, 2004; Parihar and Brewer, 2007; Kilbride et al., 2008) ; however, others have reported results compatible with ours (Solmi et al., 1994; Evans et al., 1998; Joyce et al., 2003; Kilbride et al., 2008) . For example, Kilbride et al. (2008) found similar decreases in membrane potential in unfractionated brain synaptosomes from young and aged rats in response to inhibition of energy metabolism by rotenone, oligomycin, antimycin A, or FCCP (although basal membrane potentials were lower in old animals). Evans et al. (1998) reported that resting plasma membrane potentials from neurons isolated from old rats were similar to those of young rats. Another study using rat whole-brain synaptosomes showed no difference in resting oxygen consumption rate, mitochondrial and plasma membrane potential, maximal phosphorylation capacity, and proton leak, but lower respiration was observed in the presence of uncoupler when whole-brain synaptosomes from aged rat were compared with those from young rat (Joyce et al., 2003) .
Our results do not support studies indicating impaired mitochondrial function in dopamine-enriched neurons (Rabinovic et al., 2000; Cantuti-Castelvetri et al., 2003; Dawson and Dawson, 2003; Brenner-Lavie et al., 2008 Miyazaki and Asanuma, 2008; Bisaglia et al., 2010) and/or that aging exaggerates these impairments (Bertoni-Freddari et al., 1993 , 2006 Bowling et al., 1993; Ferrándiz et al., 1994; Guerrieri et al., 1996; Antier et al., 2004) . There are possible explanations of this discrepancy. First, Davey et al. (1998) reported that there is a "threshold effect" of the inhibition of complex I. Mitochondria in dopaminergic neurons may function normally because a decrease in complex I activity is too small to affect function. Second, dopaminergic neurons may have less mitochondrial capacity, but not in presynaptic varicosities or intervaricose axonal regions. Liang et al. (2007) reported that dopaminergic dendrites in mouse brain sections have lower mitochondrial volume fractions than nondopaminergic dendrites, implying weaker mitochondrial capacity in postsynaptic dopaminergic terminals rather than in the presynaptic synaptosomes investigated here. Third, fluorescent probes of membrane potential must be interpreted very carefully; several studies wrongly report decreases in membrane potential as a function of aging because of incorrect interpretation of the fluorescent signal (Nicholls, 2004) . Finally, loss of synaptic terminals is well known in the aging brain (Bertoni-Freddari et al., 1996; Peters et al., 2008) or in brain pathogenesis (Scheff et al., 1990; Betarbet et al., 2000) . However, loss of function appears to trigger a compensatory reaction. Several studies report that mitochondria in old animals decrease in number but increase in size, maintaining the mitochondrial volume fraction (Bertoni-Freddari et al., 1993 , 2006 Solmi et al., 1994) . This phenomenon, together with synaptic enlargement during aging (Bertoni-Freddari et al., 1992) , may support our finding of no bioenergetic defects in synaptic terminals from aging striatum.
The lower number of respiration-competent synaptosomes in the immunomagnetically purified dopaminergic fraction may have roots in the underlying anatomy. In contrast to typical glutamatergic synaptic end terminals, dopaminergic presynaptic terminals form predominantly en passant boutons (Arluison et al., 1984; Williams and Goldman-Rakic, 1993) . These boutons may genuinely contain less mitochondria, or mitochondria may be only transiently present near synapses while traveling on microtubule tracks passing through the bouton. This anatomical difference may affect synaptosome preparation, as axons severed during the homogenization step have to close at two ends around en passant boutons compared with end terminals.
Immunomagnetic bead separation should enrich the quantity of synaptosomes per microgram of protein. Higher nonfunctional protein in dopaminergic synaptosome fractions may reflect the underlying biology, but possible preparation artifacts include different amounts of "invisible" free mitochondria and the presence of bound antibody causing overestimation of synaptosomal protein. In contrast, in unfractionated striatal preparations, the percentage of TH-stained synaptosomes that were also TMRM-positive tended to be larger than that of TH-negative synaptosomes, emphasizing the concern that the lower number of respiration-competent synaptosomes in the dopaminergic fraction may result from the separation technology.
An important aspect of this work was to improve techniques to assess the bioenergetic status of mitochondria in synaptosomes isolated from different cell types. Although the synaptosome preparation has been used for almost 50 years and in Ͼ12,000 publications, the inherent heterogeneity of the preparation has never before been fully addressed. Studies from the groups of Nichols (Nichols and Mollard, 1996) and Sánchez-Prieto (Millán et al., 2002) have allowed the transmitter subtype of single synaptosomes to be identified among aggregates, but this has not previously been performed on entire microscopic fields of synaptosomes or combined with a bioenergetic analysis with criteria to exclude nonfunctional organelles. We previously introduced a method to generate a monolayer of attached single synaptosomes, combined with algorithms to analyze the response from several hundred synaptosomes in a field-of-view individually and simultaneously with algorithmic image processing to improve objectivity and accuracy in data analysis . In the present study, we further refine these techniques to include fluorescence methods to determine the mitochondrial volume fraction, and to assess the bioenergetic status of individual synaptosomes and determine which were respiration-competent and, by ASP ϩ transport, possessed the DA transporter. These techniques have several advantages over electron microscopy approaches. First, fixation is not required for sample Striatal synaptosomes were prepared from young (5 month old) or old (28 month old) mice of either gender and the decrease in TMRM fluorescence intensity in ASP ϩ -positive and ASP ϩ -negative individual synaptosomes caused by various drug treatments for 25 min was determined and calculated as the decrease in plasma membrane plus mitochondrial membrane potential. Data indicate means Ϯ SE (n ϭ 3 biological replicates, each the average of 3 technical replicates). No differences were significant (one-way ANOVA on dopaminergic vs nondopaminergic synaptosomes and young vs old mice). ETC, Electron transport chain; ROS, reactive oxygen species.
preparation, eliminating issues of sample shrinkage. Second, the procedures are simpler, quicker, and more economical. Third, in situ live mitochondrial morphology can be measured. Finally, the assays enable the selection of bioenergetic or respirationcompetent synaptosomes for data analysis, by excluding extraneous objects such as broken synaptosomes or nonsynaptic material. This last advantage is particularly important in experiments using synaptosomes because of their unique heterogeneity. Joyce et al. (2003) used electron microscopy to quantify whole rat brain synaptosomes and found that ϳ68% of the structures in a synaptosome preparation contained synaptic vesicles and, of these, only 38% contained mitochondria. In our study using mouse brain regions and a different synaptosomal preparation method, ϳ70% of objects were viable synaptosomes. In addition, the preparation also contains broken membranes visible by electron microscopy, but invisible to our entrapped fluorescence probe method. Therefore, Ͼ30% of protein in prepared synaptosomes does not contribute to the measured functions. It is critical to exclude the values from these contaminants to obtain accurate measurements from the synaptosomal population. However, microscopy of unfractionated monolayers has an inherent drawback: unlike the separated synaptosomal fractions in Figure 1 , identification of dopaminergic synaptosomes in mixed monolayers does not allow the respiration rates of different subpopulations to be distinguished using conventional respirometry.
In summary, our results do not support the hypotheses that mitochondrial bioenergetic capacity is intrinsically lower in striatal dopaminergic synaptosomes, making them unusually susceptible to inhibition of electron transport by oxidative damage, or that this property is accentuated by age and underlies susceptibility to Parkinson's disease.
